Organelle genomes undergo more variation, including that resulting from damage, than eukaryotic nuclear genomes, or bacterial genomes, under the same conditions. Recent advances in characterizing the changes to genomes of chloroplasts and mitochondria of Zea mays should, when applied more widely, help our understanding of how damage to organelle genomes relates to how organelle function is maintained through the life of individuals and in succeeding generations. Understanding of the degree of variation in the changes to organelle DNA and its repair among photosynthetic organisms might help to explain the variations in the rate of nucleotide substitution among organelle genomes. Further studies of organelle DNA variation, including that due to damage and its repair might also help us to understand why the extent of DNA turnover in the organelles is so much greater than that in their bacterial (cyanobacteria for chloroplasts, proteobacteria for mitochondria) relatives with similar rates of production of DNA-damaging reactive oxygen species. Finally, from the available data, even the longest-lived organelle-encoded proteins, and the RNAs needed for their synthesis, are unlikely to maintain organelle function for much more than a week after the complete loss of organelle DNA.
Introduction
After significant resistance from many biologists, the endosymbiotic origin of chloroplasts from cyanobacteria (Mereschowsky, 1905; Schmitz, 1982; Schimper, 1983; Martin and Kowallik, 1999) , and then the endosymbiotic origin of mitochondria from (proteo)bacteria (Wallin, 1923) , is now almost universally accepted (O'Malley, 2015) . One, as yet, incompletely explained aspect of these energy-transducing organelles is the retention of an organelle genome in all chloroplasts and in all mitochondria, apart from some hydrogenosomes. The organelle genome houses a small minority of the genes needed for organelle synthesis and function, the remainder having been transferred in evolution to the nucleus with translation on cytosol ribosomes and import of the resulting proteins into the organelle. The fraction of the organelle proteome encoded by the organelle genome has been estimated at 2.2% for Arabidopsis mitochondria (Heazlewood et al., 2004 ) and 3.5-5.3% for Arabidopsis chloroplasts (Abdellah et al., 2000; Kleffman et al., 2004) . Allen and Raven (1996) , Martin et al. (1998) , and Race et al. (1999) discuss some of the reasons for the retention of genes in the organelle (e.g. the control of gene expression by the organelle redox status: Allen, 1993a, b; Allen and Raven, 1996; Allen, 2003; Allen et al., 2005) and for their relocation to the nucleus (e.g. the damage to DNA by the reactive oxygen species and other free radicals generated in the redox reactions of the organelles: Allen and Raven, 1996) .
Regardless of the reasons for the retention of genes in organelles, it is clear that changes in organelle DNA, including that resulting from oxidative damage, is greater than in the corresponding nuclear DNA, or bacterial or archaean DNA, under as nearly similar conditions as possible. However, much remains to be discovered about damage and other causes of changes to organelle DNA and its significance for short-term functioning of the organelles, their transmission to the next generation, and evolution. Many of the impediments to our understanding are technical, and Kumar et al. (2014) make significant experimental advances that help to bring into better focus some aspects of what remains to be discovered. Kumar et al. (2014) used two PCR-based techniques on chloroplast and mitochondrial genomes of developing Zea mays. The novel method is 'molecular integrity PCR' (miPCR) that quantifies long organelle DNA molecules that have no impediment to amplification and, hence, presumably, are functional in vivo in transcription and thence translation. The standard qPCR method gives the total number of copies, regardless of whether they could be functional in vivo in transcription and thus translation. They also measured 'impediments', including oxidative damage, using an in vitro DNA repair assay, as a check on impediments estimated from the qPCR methods.
Part of the background to the work of Kumar et al. (2014) is the reported loss of all genomes from organelles during nonreproductive development in some organisms; there are two to many genomes per organelle early in cell development (Tables  1, 2 ). The first example to be reported is non-reproductive Table 1 . Copy number of mitochondrial and chloroplast genomes in Archeoplastida, i.e 
. with chloroplasts derived from a single primary endosymbiosis
The general assumption is that the smallest unit detectable is the complete genome, or genome in process of replication, in the DAPI experiments of Kuroiwa et al. (1981) .
Organism-
Mitochondrial genome copy number Chloroplast genome copy number References development in the acellular green macroalga Acetabularia (Dasycladales; Ulvophyceae; Chlorophyta) (Woodcock and Bogorad, 1970; Coleman, 1979; Lüttke and Bonotto, 1981; Lüttke, 1988) using histochemical staining of DNA.
Somewhat later, such a loss of chloroplast and mitochondrial genomes was reported, mainly using the more quantitative molecular genetic technique, in vegetative (somatic) cells in the developing leaves of flowering plants (Bendich and Gauriloff, 1984; Sodmergen et al., 1991; Rowan et al., 2002; Oldenburg and Bendich, 2004; Shaver et al., 2006; Preuten et al., 2010; Wang et al., 2010; Oldenburg et al., 2013) , with changes in the integrity of the organelle DNA when it is retained (Oldenburg and Bendich, 2004; Shaver et al., 2006; Oldenburg et al., 2013) . These conclusions on decreasing content, and even complete loss, of organelle DNA, and changes in organelle DNA integrity, during somatic cell development have been cogently challenged Zotschke et al., 2007) . Possible means of reconciling the different conclusions resulting from variations in the developmental stage of the plant organ, and in experimental methods, have been suggested by Rowan and Bendich (2009) and outcomes of the relevant novel techniques mentioned in the Introduction (Kumar et al., 2014) are discussed in the following section. Pending complete resolution of these experimental differences, and the differences in the results obtained, one contribution of the present work is to explore the possibility of continued functioning of organelles after complete loss of their genomes.
Implications of advances in understanding organelle DNA integrity and copy number for understanding organelle genome function, inheritance, and evolution
Organellar protein and DNA stability
There has been much emphasis on oxidative and UV damage to DNA, and especially organelle DNA (Allen and Raven, 1996; Halliwell and Gutteridge, 2007) as part of causes of variation in the DNA. The results of Kumar et al. (2014) are used as an example of the effects of of photosynthetically active radiation, with no specific UVB treatment, i.e. mainly reactive oxygen effects. Of the treatments they used, Kumar et al. (2014) found most damage, impediment, and in vitro repair for both chloroplasts and mitochondria in Zea mays plants grown in a 16/8 light/dark regime for 13 d, with less damage and impediment in plants in the dark for 12 d followed by 1 d in the light, and even less in plants in the dark for the full 13 d. The only difference between effects on chloroplasts and mitochondria occurs in light-grown plants. The qPCR-derived copy number on chloroplasts grown in the light is high, in agreement with measurements of damage, degree of impediment, fraction of unimpeded DNA from miPCR and in vitro repair, while in mitochondria the qPCR copy number is low in the light-grown plants, contrasting with the outcomes of the other methods.
Oxidative and UV damage occurs to proteins as well as to DNA, and the relative roles of these of damage to the two macromolecules in causing cell death in environmentally challenged bacteria is, as discussed below, still a matter of debate (Daly et al., 2010) . For the maintenance of organelle function over a significant fraction of the cell lifespan there is a need for the replacement of organelle-and nuclear-encoded proteins that have evaded the protective mechanisms (e.g. non-enzymic free radical scavengers, superoxide dismutase, ascorbate peroxidase) and have been damaged by oxidation and UV. This protein replacement requires the presence of organelle DNA and the RNAs and proteins associated with transcription and translation, or of long-lived mRNA and the RNAs and proteins associated with translation.
Organelle-encoded proteins clearly do turn over, as shown for mitochondria of Saccharomyces cerevisae (de Jong et al., 2000 ; data on wild type) and chloroplasts of algae and plants (Table 3a) . The half-lives for mitochondria-encoded proteins range from 185-415 h (Table 3a) and for chloroplast-encoded proteins range from 1.5-415 h (Table 3b) . If the faster rates of breakdown also occurred in chloroplasts lacking DNA where, in the absence of (2014) a While the general assumption is that the smallest unit detectable is the complete genome, or a genome in process of replication, in the DAPI experiments of Kuroiwa et al. (1981) , there are clear exceptions. In many of the Ochrophyta the chloroplasts genome was recognized as a peripheral band within the chloroplast that was itself made up of the smallest detectable units (Kuroiwa et al., 1981) .
long-lived mRNA (see below), there could be no replacement of degraded protein, chloroplast function would be significantly decreased after a day and would be very limited after a few days. For mitochondria, there is also the maintenance of function after the loss of mitochondrial DNA. Using the qPCR method (Kumar et al., 2014) , Preuten et al. (2010) showed that there were fewer copies of individual mitochondrial genes than of mitochondria in each mature cell. However, respiration rates are independent of mitochondrial gene number and, presumably, mitochondrial fission and fusion 'share' the genes among the mitochondria that can be counted at a particular time (Preuten et al., 2010) . This is less likely for chloroplasts where fusion is very rare (CavalierSmith, 1970 ; Seguí-Simarro and Staehlin, 2009). Chloroplasts and mitochondria lacking DNA could retain synthesis of organelle-encoded proteins if the mRNAs for the proteins are long-lived and, of course, so would all of the post-translational components synthesis apparatus. Retention of the RNA and protein components needed for protein synthesis can be compromised by oxidative and UV damage, as is the case for organelle DNA and the organelleencoded proteins involved in functions other than protein synthesis. There seem to be no data on absolute rather than relative half-lives of mitochondria-encoded RNAs of plants or algae (Table 3a) . The half-lives of chloroplast-encoded RNAs range from 3 h to 45 h (Table 3b) . These values cannot be directly related, in the case of mRNAs, to the rate of decline in the synthesis of chloroplast-encoded proteins since this protein synthesis is translationally controlled (Fromm et al., 1985; Inamine et al., 1985; Hosler et al., 1989; Danon, 1997; Gilham et al., 1997; Eberhard et al., 2002 , but see Udy et al., 2012) , as is that of mitochondria-encoded proteins (Gilham et al., 1997; Holec et al., 2006) . This means that an organelle mRNA might go through several decay half-lives before the amount of transcript becomes limiting for the rate of protein synthesis. Even with a several-fold increase in the effective (for protein synthesis) half-life of mRNA, if the faster rates of breakdown of mRNA and all of the posttranslational components synthesis apparatus also occurred in flowering plant chloroplasts lacking DNA, chloroplast function would be significantly decreased after several days and would be very limited after a week or two. The longest measured chloroplast mRNA half-life (Table 3b) would give a half-life of chloroplast proteins similar to the highest values for protein turnover (Table 3b) .
There seem to be no relevant data to determine if the damage to organelle-encoded proteins is more important than damage to the organelle genome for terminally differentiated organelles (i.e. not contributing to the next generation) in multicellular organisms. Daly et al. (2010) have suggested, and provided evidence, that, even in the unicellular Deinococcus, damage to proteins is more significant than damage to DNA in determining survival under extreme conditions (see below).
A parallel example of sustaining protein content in organelles despite damage to proteins and a lack of the encoding DNA is found for kleptoplastids. These are chloroplasts that have been retained within their cells by phagotrophs feeding on algae and remain photosynthetically functional for days or even months (Raven et al., 2009) . In most cases, the nuclei of the food alga are not retained (e.g. in the relatively wellinvestigated sacoglossan marine gastropods), so that there is no possibility of replacing damaged nuclear-encoded chloroplast proteins unless there has been horizontal gene transfer from the algal nuclei to the phagotroph nucleus (Raven et al., 2009) . While there have been claims of such horizontal gene transfer (Raven et al., 2009) , the very thorough work of Wägele et al. (2011) showed that this was very unlikely, so the enigma of maintenance of the nuclear-encoded fraction of the chloroplast proteome of kleptoplastids remains. Even the capacity to express the chloroplast-encoded gene psbA (encoding the rapidly turning over D1 protein of photosystem II) requires a quality control gene (ftsH) that is nuclearencoded in streptophytes (Charophyta plus Embryophyta) (de Vries et al., 2013) . However, the phylogenetic analysis of de Vries et al. (2013) shows that ftsH is chloroplast-encoded in the food algae Acetabularia acetabulum and Vaucheria litorea, providing the longest-functioning kleptoplastids (in the sacoglossans Elysia chlorotica and Elysia timida, respectively), so that quality control of D1 can be maintained. This important finding still does not explain how the many other nuclear-encoded gene products essential for photosynthesis, either directly as catalysts of photosynthetic reactions or as requirements for expression of chloroplast-encoded proteins (Zerges et al., 1997; Barkan and Goldschidt-Clermont, 2000) can be maintained in long-lived kleptoplastids. A further question arises from the use of Acetabularia chloroplasts as long-lived kleptoplastids, since, during vegetative growth, some Acetabularia chloroplasts apparently lack genomes (Lűttke, 1988) .
A further aspect of the dependence of kleptoplastids on the nuclear genome of the source alga concerns the fate of the glycolate resulting from Rubisco oxygenase and phosphoglycolate phosphatase in kleptoplastids. The production of glycolate cannot be suppressed by expression in the sacoglossan of inorganic carbon concentrating mechanisms (CCMs) from the host alga, since these CCMs typically have extraplastidial components encoded by algal nuclear genes (Falkowski and Raven, 2007; Raven et al., 2012 Raven et al., , 2014 , and so would not be acquired with the kleptoplastids. In the absence of a CCM (i.e. diffusive CO 2 entry) glycolate is produced but cannot be metabolized since all but the initial and final steps of the photorespiratory carbon oxidation cycle are extraplastidial (Falkowski and Raven, 2007; Raven et al., 2012 Raven et al., , 2014 ; the intermediate steps would not be acquired with the kleptoplastids. This has serious carbon balance and energetic consequences (Table 5 .5 of Raven, 1984) . Turning at last to measured half-lives of nucleus-encoded chloroplast proteins, Table 3c gives a range from 116-301 h for the most directly measured values, with the possibility of some even longer half-lives. However, there is also the possibility of nuclear-encoded proteins with shorter half-lives that would restrict the functional life of a kleptoplastid. While the t 1/2 data in Table 3c do not readily explain the longest-lived kleptoplastids, it should be remembered that some mammalian erythrocytes function for months in an enucleate state. Gillooly et al. (2012) showed that, when the two determinants of erythrocyte life-span, i.e. temperature at which the erythrocytes function, and body mass of the animal in which they occur, are allowed for, there is no difference in life-span between enucleate mammalian erythrocytes and the erythrocytes of fish, amphibians, reptiles, and birds that are nucleate throughout their life, have functional mitochondria (Stier et al., 2013) , and retain transcriptional activity (Moreira et al., 2011) . While the habitat of a mammalian erythrocyte is significantly different from that of plastids, the erythrocyte data do show how long (over 10 4 h: Gillooly et al., 2012) enucleate cells can function despite the absence of protein synthesis. Raven (1991) pointed out that mature enucleate sieve tube elements would lack the capacity to replace damaged proteins and also suggested that low O 2 concentrations in the sieve tube elements and the frequent occurrence of a lignified sheath round the vascular tissue would restrict damage from oxidative and UVB damage, respectively. However, the need for such protection is diminished by the demonstration of symplasmic protein movement from the nucleate companion cells to the enucleate sieve tube elements (Fisher et al., 1992; Oparka and Turgeon, 1999) .
Is there a protected germline organelle genome in plants?
The copy number of the mitochondrial and, in particular, the chloroplast genome has been measured with DNA dye and molecular genetic methods (Tables 1, 2 ). These techniques generally showed several or many copies of the plastid genome and (in algae) the mitochondrial genome, although no genomes could be detected in some plastids of an alga, and some mitochondria and chloroplasts of flowering plants (Tables 1, 2 ). The consequences of the absence of DNA from some organelles in vegetative growth are considered below. Reproduction and the means by which at least one organelle master genome, or its equivalent as subgenomic fragments, is inherited, is explored here (Bendich, 1987 (Bendich, , 1993 (Bendich, , 1996 Takanashi et al., 2010; Udy et al., 2012) .
Where there are multiple copies of the organelle genome in each organelle and/or many organelles per cell, then the probability is that each progeny cell at cell division will have at least one organelle genome (Bendich, 1987; Udy et al., 2012) . This seems to be the case for chloroplasts (Tables 1, 2) , although in some algae and the embryophytic hornworts and some cells of Selaginella there is only one chloroplast per cell and so they must rely on the first alternative, i.e. the presence of multiple genome copies in each organelle, in cell division. One or other (or both) alternative means of ensuring organelle genome propagation also apply to algal mitochondria (Tables 1, 2) . However, for flowering plant mitochondrial inheritance studies of egg cells of Arabidopsis, Wang et al. (2010) reported that 67% of egg cell mitochondria contained no DNA, and the 33% with DNA had an average of 109 kb DNA rather than the 366.9 kb for a mitochondrial master genome, i.e. the master genome is shared among mitochondria. This is also the case for Antirrhinium majus and Nicotiana tabacum, but not for Pelargonium zonale (Kuroiwa et al., 1990; Wang et al., 2010) . The reported extent of the loss of functional organelle DNA during vegetative development in flowering plants correlates with the potential for plant regeneration from somatic cells (Shaver et al., 2006) .
Presumably the integrity of the master genomes (or their equivalent) could be because they have either been subject to fewer DNA changes, including that caused by damage, than occurs in leaf cells, or have had relatively complete repair so that their genomes are again in the master genome format; investigation is needed of the structural variation and recovery history of the organelle genomes between reproductive events. Embryophytes do not appear to have mechanisms similar to those in metazoans maintaining relatively structurally unchanged germ line mitochondria (Ivanov, 2007; de Paula et al., 2013) . The 'quiescent centre' of flowering plant roots (Clowes, 1958; Dubrovsky and Barlow, 2015) has aspects of 'stemness', for example, a smaller electrical potential difference at the inner membrane of the mitochondria and low activities of tricarboxylic acid cycle enzymes (Jiang et al., 2006; de Paula et al., 2013) , and retains organelle DNA turnover (Fujie et al., 1993) . However, the cells in the root apex do not contribute to the production of the organs of sexual reproduction. For plant shoot apices, the selection of the least damaged mitochondria for incorporation into reproductive cells does not fit with the suggestion of Seguí-Simmaro and Staehlin (2009) of homogenization of mitochondrial DNA involving mitochondrial fusion and reticulation.
Unicellular organisms have even less possibility of maintaining a germ line of organelles, especially if, as in the smallest known eukaryote, the picoplanktonic marine prasinophycean green alga Ostreococcus, there is only one chloroplast and one mitochondrion per cell (Blanc-Mathieu et al., 2013) . This means that there are no organelles that are inactive in redox reaction and thus not as prone to oxidative damage as those that are active in redox reactions (de Paula et al., 2013) . Although there seem to be no data on organelle genome copy number for Ostreococcus, other very small algal cells (e.g. the cyanidiophycean red alga Cyanidioschyzon merolae) have multiple copies of the genome in each organelle (Table 1 ; Hirakawa and Ishida, 2014) . Is it possible that one (or more) of these copies represent a germ line while the rest do not?
Also unicellular (or, better, acellular) is the large-celled green macroalga Acetabularia for which genome occurrence in chloroplasts has been investigated by dye staining (Woodcock and Bogorad, 1970; Coleman, 1979; Lüttke and Bonotto, 1981; Lüttke, 1988) . This work on Acetabularia shows that young vegetative cells have genomes in all their chloroplasts; as the alga continues vegetative growth an increasing fraction of the chloroplasts lack genomes, but that all chloroplasts in reproductive cells have genomes. There seem to be no data on the extent of oxidative or photochemical damage to DNA during vegetative growth, and during reproduction, in Acetabularia.
Turning to variations in organelle function, there are significant genotypic differences in mitochondrial function among genotypes of Ostreococcus, as indicated by rhodamine as a measure of the proton motive force (proton electrochemical potential difference) across the inner mitochondrial membrane (Schaum and Collins, 2014) , so any 'germ line' mechanism to maintain mitochondrial function as indicated by rhodamine does not work uniformly among genotypes. Some kind of germ line-like mechanism for vegetative cell division in diatoms may be involved in the results of Laney et al. (2012) . Diatoms have overlapping frustules comprising the bipartite cell wall with larger (epitheca) and smaller (hypotheca) components. The new frustule components at vegetative cell division occur within the parental frustule components. The frustule forming inside the original epitheca forms a hypotheca that is the same size as the parental hypotheca, to produce a cell the same size as the parental cell. The parental hypotheca becomes the epitheca of the new cell, with a smaller new hypotheca formed inside it. Laney et al. (2012) showed that the 'younger' (smaller) cell had a greater specific growth rate than the 'older' (large) cell, to a greater extent than expected from the general specific growth rate-cell volume relationship of algae (see Fig. 3 of Finkel et al., 2010) . Since the nuclei of the young and old cells should be essentially identical, could it be that the younger cells have inherited organelles that are less damaged at the nucleic acid and/or protein level? This possibility involves the sorting of more and less damaged organelles at cell division such as is known to occur in maintaining 'stemness' in mammalian stem cells (Katajisto et al., 2015) .
Structural variation is not correlated with the rate of evolution of organelle genomes
An inevitable outcome of DNA damage and some other forms of structural variation (Kumar et al., 2014) is chemical alteration to nucleotides; without repair this would, at best, give rise to inherited nucleotide change in the genome and, at worst, the absence of replication or translation of the gene involved. In view of the technical and interpretation problems with the estimation of damage and other causes of variation to organelle DNA discussed by Kumar et al. (2014) , it is difficult to obtain comparative data on the variation, either gross (without allowance for repair) or net (allowing for repair), among oxygenic photosynthetic organisms. There are, however, data on the rate of genetic change in one or more of the mitochondrial, chloroplastm and nuclear genomes.
Early comparisons for flowering plants (Wolfe et al., 1987) showed that silent (synonymous) substitutions in mitochondrial DNA are less than one-third those of chloroplast DNA which, in turn, is half of that in nuclear DNA. The mean silent substitution rate in plant mitochondrial DNA is one or two orders of magnitude less than that of metazoan mitochondrial DNA (Brown et al., 1979) , while the rates for plant and metazoan nuclear DNA are similar (Wolfe et al., 1987) . The rates of non-synonymous substitutions in plant mitochondria, chloroplasts, and nuclei are about an order of magnitude less than those of the corresponding synonymous substitutions (Wolfe et al., 1987: Table 4 ). Later work showed very high and variable mitochondrial substitution rates in Plantago spp. (Cho et al., 2004) and some other flowering plants (summarized by Smith et al., 2014a, b) , and extremely low substitution rates in the mitochondrial DNA of Liriodendron and possibly even lower rates in the closely related Magnolia (Richardson et al., 2013) . The synonymous substitution rate in the mitochondrial genome of flowering plants varies about 5000-fold (Richardson et al., 2013: Table 4 ). Of the plants examined by Richardson et al. (2013) Liriodendron and Magnolia had the lowest synonymous substitution rates in the chloroplast genome (though not as low as in mitochondria of these magnolids), with a 50-fold range in rates among flowering plants (Table 4) .
Despite the great variability in flowering plant mitochondrial genome synonymous substitution rates, with a much smaller range for plant chloroplast genomes, the general case for seed plants is for mitochondrial substitution rates to be less than the chloroplast rates, which are, in turn, less than the nuclear rates (Smith et al., 2014a, b) , as concluded by Wolfe et al. (1987) . Subsequent work on metazoans shows that the conclusion of Wolfe et al. (1987) , which was based largely on vertebrates, as to the rate of synonymous substitution in mitochondrial genomes relative to the nuclear genome rate applies not just to the Deuterozoa (including vertebrates), but also the Ecdysozoa (e.g. arthropods), Lophotrochozoa (e.g. annelids and molluscs), platyhelminthes, and the medusozoan Cnidaria (Hellberg, 2006) . Lower mitochondrial substitution rates are found in anthozoan Cnidaria and Porifera, resembling the rates in flowering plants and fungi (Hellberg, 2006) . I hesitate to relate the similarity of substitution rates of Cnidaria, Porifera, flowering plants, and fungi to a shared sedentary habit.
The situation with respect to the ranking of substitution rates among the three genomes is different in algae (Smith et al., 2014a, b: Table 4 ). Smith et al. (2014a, b) examined the synonymous substitution rates in the three genomes of Cyanophora paradoxa, a member of the basal (Glaucophyta) clade of the Archaeplastida (=Plantae sensu lato), and showed that the mitochondrial substitution rate was higher than both that in the chloroplasts and the similar rate in the nucleus. Smith et al. (2014a, b) review literature showing a similar pattern in another clade (Rhodophyta) of the Archaeplastida (Table 4) . For the Haptophyta, an algal clade with secondarily endosymbiotic chloroplasts derived from the Rhodophyta, the mitochondrial rate is much higher than the chloroplast rate, although here the nuclear rate is rather higher than that of the chloroplast (Table 4 ; Smith et al., 2014a, b) . For the other clade of the Archaeoplastida, the Chlorophyta (including an algal member of the Streptophyta), the rates of substitution for the three genomes are closely similar, i.e. still different from the seed plants (embryophyte members of the Streptophyta) with the mitochondrial rate generally less than that of the chloroplast, and even less than that for the nucleus (summarized by Smith et al., 2014a, b: Table 4) .
Although it is unfortunate that there are no comparable rates of DNA damage for the organelle genomes for which nucleotide substitution rates are available, it seems unlikely that the substitution rates reflect differences in the rate of DNA damage.
Why are the rates of DNA turnover in organelles much higher than in their bacterial ancestors despite similar rates of production of oxidants?
Despite the remaining technical problems (Kumar et al., 2014) , there is an obvious contrast between the large potential extent of oxidative DNA damage in organelles and the bacterial ancestors of the organelles that have similar rates (perhaps slightly lower for bacteria) of redox reaction per unit volume to that of the organelles, and the much lower extent of DNA turnover in the bacteria. There are very limited data on the DNA turnover rates of organelles: organelle genomes of Euglena gracilis turn over, 1.5-1.6 times per generation, with minimal turnover of the nuclear genome (Manning and Richards, 1972; Richards and Ryan, 1974) . The minimal turnover of the Euglena nuclear genome is similar to that of the Proteobacteria (from which the mitochondrion was derived) and of the Cyanobacteria (from which the chloroplast was derived) (Bridges, 1997; Foster, 1999; Shirkey et al., 2003; Rajeev et al., 2013) . The extant relatives of the organelle ancestors presumably have similar volume-based rates of oxidant production to those of the respective organelles: the rates may be lower in the free-living Cyanobacteria and Proteobacteria since they have to fulfil more non-bioenergetic cellular functions than is the case for the organelles.
It may be more relevant to ask why organelle DNA is so prone to structural change, with substantial DNA turnover presumably based on the synthesis of unchanged DNA to replace changed DNA, rather than why their ancestors with similar exposure to conditions that damage DNA have much less DNA turnover. Even in extreme environmental conditions there is little oxidant damage to cyanobacterial DNA (Shirkey et al., 2003; Rajeev et al., 2013) . Bendich (2007) point out that bacterial and archaeal genomes, like organelle genomes, do not generally consist entirely, or even largely, of 'completed' genomes, but contains a range of genomes sizes reflecting (among other things) different extents of replication of the complete genome. Furthermore, circular chromosomes are by no means universal among archaeal, bacterial, and organelle genomes (Bendich and Smith, 1990; Bendich, 2004 Bendich, , 2007 Shaver et al., 2008) . The similarities in the occurrence of incomplete genomes in Archaea, Bacteria, and organelles clearly do not explain the differences in the rates of DNA turnover between organelle genomes and the genomes of Bacteria and Archaea. Deinococcus radiodurans is a bacterium with extreme resistance to treatments that damage DNA and proteins, i.e. ionizing (including gamma) radiation, desiccation, oxidation, and agents such as mitomycin C (Makarova et al., 2001; Daly et al., 2010; Slade and Radman, 2011) . Deinococcus is closely related to Thermus, but otherwise is not closely related to other known Bacteria (Makarova et al., 2001 ). While it is not a close relative to the Proteobacteria from which mitochondria arose, Deinococcus is, like most interpretations of the functioning of the ancestral Proteobacteria giving rise to mitochondria, an aerobic chemo-organotroph. Mutant studies show that the characteristics of Deinococcus that permit resistance to extreme environments are not required for normal growth under non-extreme conditions (Makarova et al., 2001; Daly et al., 2010; Slade and Radman, 2011) . Much of the emphasis on resistance to extreme conditions by Deinococcus has emphasized damage to DNA (Makarova et al., 2001) , with such considerations as the minimum number (not more than five) of copies of the genome in each cell that are needed for resistance of extreme conditions. However, Daly et al. (2010) point out that the number of DNA doublestrand breaks caused by ionizing radiation in Deinococcus are similar to the number that occur in (for example) meiosis in eukaryotes without the need for special methods of DNA repair. Daly et al. (2010) emphasize the protection of protein from oxidative damage in Deinococcus, and have partially characterized a low molecular mass extract containing manganese, phosphate, and amino acids that acts to protect proteins from oxidative damage, for example, by removing hydroxyl radicals. However, this seems to have no direct relation to mechanisms protecting proteins from oxidative damage in mitochondria and chloroplasts.
Conclusions
Organelle genomes are subject to variation, including that resulting from damage from reactive oxygen species, than are eukaryotic nuclear genomes or bacterial genomes under the same conditions. There have been, and still are, technical problems in characterizing this damage and other variation and its repair. Recent advances (Kumar et al., 2014) in the methodology for characterizing the variation of genomes of chloroplasts and mitochondria of Zea mays should, when applied more widely, help us to understand how variation in, including damage to, organelle genomes relates to maintenance of genome function during the life of individuals and of organelle genetic integrity in individuals and in succeeding generations. Understanding of the extent of variation in organelle DNA sequence and structure, and its repair, among photosynthetic organisms might also help to explain the variations in the rate of inherited nucleotide substitution among organelle genomes, and its relation to inherited nucleotide substitution rate in nuclear genomes. Further studies of organelle DNA damage and repair might also help to understand why the extent of DNA turnover in the organelles is so much greater than that in their bacterial (cyanobacteria for chloroplasts, proteobacteria for mitochondria) relatives with similar rates of production of DNA-damaging reactive oxygen species. Finally, we would hope for a better understanding of the relation of organelle DNA damage to organelle protein damage and its repair; present data suggest that, after the loss of functional organelle DNA encoding a given protein, neither the lifetime of that protein nor of the RNA species needed to replace it using mRNA produced before DNA loss, can account for organelle function requiring that protein for much longer than a week.
